The complexity of plant cell walls impedes the conversion of cellulosic biomass to sugars. Pretreatment becomes a necessity to increase the digestibility of biomass. An in-depth understanding of the structure and underlying mechanisms governing deconstruction process is important. In the present study, the comprehensive investigation of morphological and structural changes in corn stover and sugarcane bagasse following ionic liquids dissolution and alkaline extraction was done using Fourier transform infrared spectroscopy, Thermogravimetric analysis, Confocal scanning laser microscopy, Atomic force microscopy and Dynamic light scattering studies. Both the substrates were pretreated with ILs 1-ethyl-3-methylimidazolium acetate and 1-butyl-3-methylimidazolium acetate followed by alkaline extraction. The pronounced changes such as lignin, hemicelluloses removal and decreased cellulose crystallinity after the pretreatments lead to the structural transformation of matrix polymers. The enzymatic hydrolysis showed 90% theoretical sugar yield in case of sugarcane bagasse and 80% in corn stover following synergistically combined pretreatments.
Introduction
Lignocellulosic biomass is the most abundant, renewable and sustainable resource on the earth to be used as a greener and clean energy alternative. Biomass physico-chemical data for deeply understanding the action mechanism of ionic liquids working synergistically with NaOH is still lacking and the new combinatorial bench scale pretreatments applied in this study will unfold the response of more of the nano-scale changes for better understanding the phenomena of cell wall disruption in the two substrates of same family of grasses (monocots) deciphering the underlying physico-chemical differences after undergoing same kinds of pretreatments and subsequent hydrolysis with commercial cellulase enzyme.
In this work, the native and pretreated Corn Stover (CS) and Sugarcane Bagasse (SB) were studied comprehensively for the morphological and structural changes by using Atomic Force Microscopy (AFM), Confocal Scanning Laser Microscopy (CSLM), Fourier Transform Infrared Spectroscopy (FTIR). The thermal behavior was observed using Thermogravimetric Analysis (TGA) and the average particle size distributions after the sequential ionic liquids and alkali pretreatments was verified by Dynamic Light Scattering (DLS). Further validation of the two pretreatments in disrupting the structural integrity of CS and SB was done by enzyme hydrolysis experiment.
Materials and Methods

Sample Preparation, Chemicals and Reagents
Raw sugarcane bagasse was collected from a sugar mill and corn stover was collected from the fields (Punjab, India). Both the residues were finely grounded (5 -20 mm) and washed extensively with water, then dried at 60˚C in a convection oven for a minimum of 24 hours. The composition of CS and SB has been given in the Supplementary file 1: Table S2 . The ionic liquids (ILs) 1-ethyl-3-methylimidazolium acetate [EmIm] [OAc] and 1-butyl-3-methylimidazolium acetate [BmIm] [OAc] used for pretreatment purposes were purchased from Sigma-Aldrich (USA) and sodium hydroxide was purchased from Thermo Fisher Scientific (USA). Cellulase from Trichoderma reesei (ATCC 26921) was procured from Sigma-Aldrich (USA). All the chemicals used were of analytical grade.
Agro-Residues Pretreatment
The dried residual materials were pretreated with two ionic liquids 1-ethyl-3-methylimidazolium acetate [EmIm] [OAc] and 1-butyl-3-methylimidazolium acetate [BmIm] [OAc] at 90˚C for 24 hours. The biomass to ionic liquids ratio was maintained at 1:10. The pretreated biomasses were recovered using deionized water as an anti solvent which was added slowly into the ionic liquids mixtures' being continuously stirred at room temperature for 30 minutes. The regenerated biomasses obtained after filtration were washed repeatedly with deionized water till the wash solution turned colourless from dark brown colour. The recovered solids were dried in an oven at 60˚C for 24 hours and were weighed for the recovery of solids obtained after the pretreatment. Green and Sustainable Chemistry
The ionic liquids' pretreated materials were further successively alkali fractionated at 121˚C for 30 minutes using 2% NaOH at ratio of 1:20 (biomass:alkali). After the pretreatment, the materials were washed thoroughly with water until the pH was near neutral and dried in an oven at 60˚C for 24 hours. The pretreatments were carried out in duplicates and the results are reported as the average. The IL pretreated corn stover and sugarcane bagasse samples were labelled as CS-EtIm 
Chemical Composition
Chemical composition of corn stover and sugarcane bagasse was analyzed by gravimetric method. Hemicellulose and cellulose content was estimated using protocol by [17] [18] . Lignin composition was determined using NREL standard protocol.
Enzymatic Hydrolysis
The enzyme hydrolysis was performed on the combined ionic liquids and alkali pretreated substrates (2% w/v) using cellulase from Trichoderma reesei (15 FPU/g). The reaction was conducted at 50˚C in INNOVA 44 incubator shaker (New Brunswick Scientific, USA) at 150 rpm for 72 hours in 50 mM Na acetate buffer pH 5.0 supplemented with 100 µg/ml tetracycline. The samples were taken at regular intervals and the reactions were terminated by boiling the samples for 10 minutes followed by centrifugation at 10,000 rpm. The supernatants were collected and used for total reducing sugar analysis using DNS method [19] . The experiments were performed in triplicates and the results are represented as average mean values. served using scanning electron microscopy at a voltage of 20 kV. The sample was sputter coated for 120 seconds using 12 -15 mA of current and the digital images, thereafter, were obtained using magnifications ranging from 200× to 18,000× using Carl Zeiss (AG-EVO® 40 Series) instrument.
Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR analysis of the native and pretreated samples was performed to detect the changes in respective functional groups. The pellets were prepared by mixing 1 mg of sample with 100 mg of spectroscopic grade KBr in a pestle mortar. The samples were then subjected to pressures of 10 tons in a Perkin Elmer hydraulic press. The spectra were recorded in a Vertex 70 spectrophotometer (Bruker OPTIK, GmbH) in the frequency range of 4000 cm −1 -400 cm −1 at 4 cm −1 resolution with 32 scans per sample. Lynam and Coronella [21] gave the concept of pretreatment index (Ip) which is the ratio of the intensities of the FTIR peaks at 896 cm −1 (amorphous cellulose) and 1515 cm −1 (lignin) divided by the same ratio for the raw biomass. The estimation of respective pretreatment's effectiveness is provided by the same [22] . Total Crystallinity Index (TCI) refers to the absorbance ratios of peaks at 1368 and 2903 cm −1 and indicate the percentage of cellulose crystallinity in the respective substrates' structures [23] . High value will have a higher TCI and reduction in values indicate the decrease in crystallinity.
Thermogravimetric Analysis (TGA)
It was conducted using a TGA/DSC1 system (Mettler-Toledo, Inc., USA). A 5 mg sample which was weighed into 70 µl of alumina crucible was heated from 25˚C to 1000˚C at the rate of 10˚C/min and analyzed in the presence of inert environment (nitrogen gas).
Dynamic Light Scattering (DLS)
The particle size distribution for all the native and pretreated substrates was determined using Malvern (UK) Zetasizer Nano series instrument with laser at a wavelength of 633 nm and at a constant temperature of 25˚C. 1% w/w samples were dispersed in deionized water by sonication. The uppermost 1 ml sample dispersion was taken and diluted 100 times for further DLS measurements.
Results and Discussion
The varied structural, chemical changes after the application of sequential treatments on the two agro-residues were observed with the help of different techniques and quantitative evaluation of the post treatments' effects was supported through the extent of hydrolysis.
FTIR Spectra Analysis
The FTIR spectra were obtained to determine the functional groups and the chemical changes in the structures of native and pretreated corn stover and su- Figure 1 (a), Figure 1 (b). Distinct spectral features were observed in native as well as pretreated substrates. The data obtained in the frequency range of 3800 -3000 cm −1 clearly showed that the native, IL treated, alkali fractionated and IL+NaOH sequentially treated CS and SB materials comprised bands providing evidence of crystalline structure of cellulose [24] . The two peaks of CH2 symmetric and CH asymmetric stretching respectively were present at 2850 cm −1 and 2918 cm −1 being characteristic of cellulose [25] . The slight disturbances in the CS-EtIm [Ac]+Na and CS-BmIm [Ac]+Na peak at 2850 cm −1 indicated that after these pretreatments, the cellulose chain had been affected [26] . In short, the presence of lignocellulosic matrix was confirmed by these bands. Functional assignment of the respective absorbance bands has been mentioned in the Supplementary file 1: Table S1 . It was critically observed that after IL+NaOH pretreatments in CS as well as SB, the peak at 1732 cm −1 band almost disappeared as compared to the IL pretreated ones [6] [27].
This effect confirmed the cleavage of the ester bands specifically acetyl groups in hemicelluloses which are considered as barriers for lignocellulosic degradation [2] [28] [29] . The extensive deacetylation might have further contributed to enhanced enzyme digestibility [30] . There was a sharp increase in intensity in SB at 1638 cm −1 peak corresponding to C=C aromatic skeletal vibrations which denoted the partial lignin removal. The same effect could be observed in case of IL and IL+NaOH pretreated CS as compared to the untreated CS spectra. The another lignin aromatic skeletal vibrational peak at 1505 cm IL+NaOH pretreated CS and SB substrates possibly indicating the removal of amorphous cellulose [6] . The peak at 1373 cm −1 corresponding to C-H deformation in cellulose and hemicelluloses showed slight decrease in intensities in case of IL+NaOH pretreated SB compared to the increase in SB-Na whereas in case of CS, no prominent change was observed at the same frequency [32] . The decreased intensities in case of SB could be related to the partial removal of hemicelluloses as well as the transformation of crystalline to amorphous form and vice versa in SB-Na. The intensity of peaks decreased around 1259 cm −1 in case of NaOH and IL pretreatments and disappeared completely in case of SB-EtIm [Ac]+Na followed by SB-BmIm [Ac]+Na owing to the removal of hemicelluloses. In case of CS, the flattened peaks were observed in case of NaOH and IL+NaOH pretreated CS as compared to the native one again indicating hemicelluloses removal but no changes were observed in CS-EtIm [Ac] and CS-BmIm [Ac]. In case of SB, more of the hemicelluloses were removed and the results were in agreement with enzymatic hydrolysis. In CS, the peaks at 1450 cm −1 showed reduced intensity in case of CS-Na, CS-EtIm [Ac]+Na and CS-BmIm [Ac]+Na whereas the same peaks almost disappeared at band of 1595 cm −1 . At both the band positions, there were insignificant changes in case of CS-EtIm [Ac] and CS-BmIm [Ac] pretreated substrates. In case of SB also, the peaks disappeared completely in case of SB-Na, SB-EtIm [Ac]+Na and SB-BmIm [Ac]+ Na. The above phenomena indicated the removal of lignin altogether with showing the increase in cellulose contents relatively [33] . The band at 897 cm −1 representing the β-1,4 glycosidic linkages showed very prominent increase in intensity in case of all the pretreated CS and SB samples. Similarly, in a study by Corrales et al., steam pretreated sugarcane bagasse also showed an increased signal at 897 cm −1 resulting from the exposure of bagasse pretreated fibres [34] .
In case of CS, the effect is more pronounced in case of CS-Na indicating the more amorphous cellulose contents than the untreated ones [20] . The phenomena arising from different spectral FTIR peaks in the pretreated substrates . This effect could be attributed to the partial removal of hemicelluloses and lignin [37] . This is in contrast to one of the studies where the thermal stabilities decreased for imidazolium-based ILs with increasing cellulose dissolution capability [38] . Whereas the increase in thermal stability in CS-EtIm [Ac] as compared to the native CS was in accordance with the results previously reported in case of IL pretreated substrates [39] . The DTG curve of untreated CS showed two distinct peaks of first weight loss at 350˚C in the hemicellulose region and second weight loss in the cellulose region at 415˚C respectively showing the presence of both cellulose and hemicelluloses in the native sample [40] . In case of CS-Na and CS-BmIm [Ac]+ Na pre-treated, the maximum weight losses were observed at 405˚C and 415˚C respectively in the cellulose region and the maximum decomposition rate was observed in the case of CS-Na. The lower peak temperature of CS-Na than the native CS could be accounted due to decrease in degree of crystallization after the alkaline pretreatment [41] . The weight losses in the cellulose region probably indicated the absence of hemicelluloses in these pre-treated materials [40] . The single peaks in both the cases with peak values of 405˚C and 415˚C might also refer to the Tmax which is the temperature at which the maximum decomposition rate occurs [39] . In CS-EtIm [Ac]+Na, the first slight shoulder peak or the negligible weight loss occurred at 380˚C in the hemicellulose zone and the second weight loss peak was observed at 418˚C in the cellulose zone. In CSBuIm [Ac], the maximum decomposition occurs at 415˚C and the slight first weight loss at 368˚C. The sharp peaks might indicate the increase in cellulose content. The partial removal of hemicelluloses in both the cases may be explained by the presence of small peaks in hemicellulose region. The higher decomposition rates of CS-Na, CS-EtIm [Ac]+Na followed by CS-BmIm [Ac]+Na could be accounted by the presence of increased cellulosic contents after removal of lignin during respective pretreatments. In Sugarcane bagasse sample, the degradation of native sample began at 260˚C and from 285˚C in the pretreated samples. The untreated sample degraded to 50% at 388˚C and improved thermostabilities were shown for all the pretreated samples. The DTG curve of untreated SB showed two very distinct peaks, the first weight loss occurring at 340˚C in the hemicellulose region and second at 395˚C in the cellulose region. The prominent peak in the hemicelluloses region indicated the presence of more amount of hemicelluloses than that observed in case of first peak in untreated corn stover sample. Interestingly, SB-Na showed the rapid and maximum decomposition in the cellulose zone due to maximal removal of hemicelluloses. In comparison, SB-EtIm [Ac]+Na pretreated material exhibited highest decomposition temperature due to transformation from cellulose I into cellulose II [39] . The same effect was quantitatively proven through maximum release of the sugars. In SB-BmIm [Ac]+Na, a small shoulder was observed in the hemicellulosic region at 365˚C followed by the second weight loss peak at 405˚C in the cellulose region again indicating the degradation of hemicelluloses to a large extent. In SB-EtIm [Ac] and SB-BmIm [Ac], the first weight losses occurred at 370˚C and 375˚C respectively and the later peaks occurred at 425˚C and 415˚C due to cellulose decomposition. The sharpest decomposition rate peaks in case of SB-Na and CS-Na might be co-related to the pure cellulose content in the samples.
Thermogravimetric Analysis
Scanning Electron Microscopy
The scanning electron microscopy was used to study the altered biomass structures after the respective pretreatments on the two agricultural substrates. Figure 3 shows the impact of combined pretreatments on the surface morphology of corn stover and sugarcane bagasse cell walls. Figure 3(a) shows the compact and fibrillated structure which becomes loosened after the detachment of microfibrils form one another following the sequential pretreatments. The disordered structure increased the surface area and the porosity leading to the increased accessibility of enzymes [42] which is in agreement with the results of observed with scanning electron microscopy [43] . Fang et al. showed that the deformed structure and exposed fibres of corn stover after undergoing the thermo-chemical pretreatment using SEM [42] . In our study also, the SEM examined the drastically changed surface textures, increased porosity, swelling of fibres, lignin droplets due to partial delocalization leading to increased digestibility of the substrates.
Confocal Scanning Laser Microscopy
The investigation of lignin distribution in the cell walls of corn stover and sugarcane bagasse was done using intrinsic autofluorescence of lignin as shown in 
AFM Analysis
As seen in the Supplementary file 1: Figure S1 (a), Figure S1 (b), the native corn stover as well as sugarcane bagasse depicted the rough compact surface It is hypothesized that the precipitation of lignin granules on the outer surface would expose more of the internal cellulose leading to increased enzymes' accessibility [44] . Similarly, Li et al. [6] showed the decreased roughness of Eucalyptus cell wall after [Bmim] [OAc] pretreatment. The re-location of lignin in case of [Emim] [OAc]+Na pretreated CS could also be co-related with the increased enzymatic saccharification as shown in Figure 4(a) . In SB-EtIm [Ac]+Na also, the dominant feature observed was the lignin re-deposition and a very smooth surface owing to maximal removal of hemicelluloses. The cell walls opened up effectively exposing the cellulose fibres for increased enzyme accessibility which was evident in explaining the increased enzymatic saccharification in SB-EtIm
[Ac]+Na and CS-EtIm [Ac]+Na. Previous studies on corn stover after being pretreated with phosphoric acid strikingly showed the deconstruction of components of the cell wall through AFM [45] .
Dynamic Light Scattering
Particle size is an important factor in enzyme digestion and economics of pretreatment as the reduction of size is an energy dependent process [30] [46] . DLS experiments were performed prior to enzymatic hydrolysis experiments to verify the effect of different pretreatments and their respective influences on the particle sizes of the substrates. The particle size reduction increases the accessibility of substrates to enzymes thus enhancing the hydrolysis efficiency [47] .
According to previous studies by Peciulyte et al. and Adani et al., the decreased particle size amounts to the enhanced surface area as well as the enzymes' penetration into the fibrous walls resulting in the enzymatic attack on the cellulosic surface [48] [49] . From the present study ( 
Chemical Composition
The 
Enzymatic Hydrolysis
Enzyme digestibility has a close relation with the effectiveness of applied pretreatments. Hence, the quantitative analysis had to be done in order to substantiate the structural changes. The results were summarised in Figure 5 improved hydrolysis in combined pretreatments may be due to the increased amorphous cellulose contents after the disruption of intra molecular and inter molecular hydrogen bonding leading to more of enzyme accessibility stemming from the effective removal of hemicelluloses and lignin [53] . The process eco-
nomics is yet to be established for the large scale experiments and commercialization thereof. This combination of treatments has unfolded the means of degrading the biomass at milder temperature conditions in case of ionic liquids i.e.
90˚C as compared to the higher temperatures used and the mild alkali treatments being given for a short time of 3 hours. One of the previous studies used the two step consecutive pretreatments including acid followed by alkaline for sugarcane bagasse substrate. The conversion yield for cellulose was 72% on the sample treated with H 2 SO 4 and 1% NaOH which was comparatively much better as compared to the 22% in case of untreated sample [54] . Similarly, Karatzos et al. [55] observed the compositional and structural characteristics of sugarcane bagasse after pretreating it with three of the ionic liquids: 1-ethyl-3-methylimidazolium chloride, 1-butyl-3-methylimidazolium chloride and 1-ethyl-3-methylimidazolium acetate. The concerned study found 1-ethyl-3-methylimidazolium acetate to be the most effective in delignification and also in saccharification yields. Therefore, varied pretreatments have been used to delignify, remove hemicelluloses and to make the cellulose more accessible to enzymatic attack and the microscale changes, thereof, analyzed using sensitive techniques.
Conclusions
The recalcitrance of lignocellulosic agricultural residual materials such as corn stover, sugarcane bagasse etc. impedes the hydrolysis of the same for the production of sugars. In order to break down the tightly bound matrix of hemicelluloses and lignin surrounding the crystalline cellulose requires the respective substrates' to be pretreated before carrying out the hydrolysis step. Henceforth, investigation of the structural and morphological features of the substrates' is thus, very important to unveil the changes in cellulose, hemicelluloses and lignin following the different pretreatment processes. In the present study, the marvelous ability of ionic liquids in delignification along with the effectiveness of alkaline pretreatment opened the inter-twined compact and crystalline structure and sugarcane bagasse (SB) using commercial and other enzyme tailored cocktails and have implications in the industrial usage of pre-defined synergistic ILs and alkali pretreatments to fractionate and digest the potential agricultural residues.
